Inbreeding depression results from mating among genetically related individuals and impairs reproductive success. The decrease in male mating success is usually attributed to an impact on multiple fitness-related traits that reduce the general condition of inbred males. Here, we find that the production of the male sex pheromone is reduced significantly by inbreeding in the butterfly Bicyclus anynana. Other traits indicative of the general condition, including flight performance, are also negatively affected in male butterflies by inbreeding. Yet, we unambiguously show that only the production of male pheromones affects mating success. Thus, this pheromone signal informs females about the inbreeding status of their mating partners. We also identify the specific chemical component, hexadecanal, probably responsible for the decrease in male mating success. Our results advocate giving increased attention to olfactory communication as a major causal factor of mate-choice decisions and sexual selection.
Introduction
Inbreeding depression results from mating among genetically related individuals that increases the impact of recessive detrimental alleles and/or the loss of advantageous heterozygosity. This occurs in wild animal and plant populations as well as in humans, and is covered by an extensive and diverse literature [1] . Inbreeding can decrease male courtship and mating success [2] [3] [4] , and it is usually considered to involve an impairment of multiple fitness-related traits that reduce the general condition of inbred individuals [5] [6] [7] . However, the reduced mating success of inbred males could also be a consequence of strong selection on females to avoid mating with an inbred male. This is especially relevant if females gain direct benefits through appropriate mate choice (parental care, territory defences and nuptial gifts) [8] [9] [10] or if they suffer direct costs should they mate with an inbred male (decreased offspring viability and fertility) [11, 12] .
Inbreeding depression of secondary sexual traits may decrease male attractiveness that could then inform females about the inbred status of their potential mating partners. Indeed, the phenotypic variation of sexually selected male traits, such as song repertoire in birds and coloration patterns in fish, is often found to be strongly correlated to inbreeding status [7, [13] [14] [15] [16] . These correlations suggest that the effect of inbreeding on such male traits may cause the reduction in mating success of inbred males. However, this relationship has rarely been demonstrated empirically, and it remains unclear whether male secondary sexual traits (and which ones) could be causally responsible for the reduced mating success of inbred males.
In this regard, females of the cricket Teleogryllus commodus detect and reject inbred males based on the reduced acoustic signals that they produce compared with outbred males [16, 17] . In other case studies, females detect the genetic quality [18] [19] [20] [21] or the heterozygosity level [22] of their potential mating partners through the assessment of their olfactory cues. Female mice, for instance, assess male heterozygosity directly through male scent [23] . The diversity of major urinary proteins (MUPs) and heterozygosity at specific major histocompatibility complex loci appear to be responsible for the variation in female preferences and male mating success in this species [23, 24] . Similarly, Pölkki et al. [25] recently demonstrated that females of the mealworm beetle Tenebrio mollitor were more attracted to the odour produced by outbred males than to that of inbred males [25] . These studies suggest that the lowered mating success of inbred males may be directly owing to the lowered quality of the olfactory cues used by females to assess males. Yet, in all these studies, the identity of the be-haviourally active pheromone component (s) that signals the heterozygosity level of males remains unknown [23, 25, 26] .
In the tropical butterfly, Bicyclus anynana (Butler, 1879), inbreeding significantly reduces male mating success in free-flying populations [3] . However, the precise traits responsible for the decrease in mating success of inbred males have not been identified. A surprisingly high genetic load has been found for several traits closely related to fitness in this species, and inbreeding depression was shown to affect males more than females [11, 12, 27] . Male sterility contributes disproportionately to inbreeding depression as about half the sons from brother-sister matings are sterile, whereas female fertility is largely unaffected by inbreeding [12] . Females could therefore significantly reduce the probability of producing completely unviable egg batches if they are able to detect and reject inbred males. Brakefield & Reitsma [28] and Windig et al. [29] have studied the population biology of Bicyclus in the field, especially the closely related species Bicyclus safitza, over transitions from wet to dry seasons at a forest-edge site in Malawi [28, 29] . The adults are rather sedentary, long-lived, and the population structure consists of an unstable mosaic of localized high concentrations of butterflies. Inbreeding significantly increased local extinction risk in natural populations of another butterfly [30] and may also affect some natural populations of B. anynana.
In B. anynana, close-range courtship by males is important to their mating success, and the transfer of a male sex pheromone (MSP) from exposed wing androconia on to the antennae of females is essential to male mating success [31, 32] . Furthermore, using gas-chromatography coupled to electro-antennogram experiments (GC-EAD), we established that female antenna contain olfactory receptors for three components present on male wings, forming the B. anynana MSP: Z9-14: OH (MSP1), 16: Ald (MSP2) and 6,10,14-trime-15-2-ol (MSP3) [32] . Variation in MSP production has been found between courting males of different age classes. Females prefer to mate with mid-aged over younger males, and the pheromone composition seems sufficient to explain this preference [33] .
Here, we demonstrate that inbreeding reduces several male traits, including MSP production and flight performance in B. anynana. However, impairing the antennal perception of females was sufficient to restore the mating success of inbred males to that of outbred males. Such females were thus able to detect any other male trait but not their volatile scent showing that the male scent alone is probably responsible for the decreased mating success of inbred males. Moreover, we specifically identified MSP1 ((Z)-9-tetradecenol) and MSP2 (hexadecanal) as the most likely cues used by females to assess the quality of males.
Material and methods

(a) Insect rearing
The butterflies originated from the Leiden University stock population that was founded in 1988 from over 80 gravid females. Several hundred individuals are reared in each generation such that high levels of heterozygosity are maintained [34, 35] . All larvae were fed on maize plants Zea mays in a climate cell at 27°C, 70 per cent RH, 12 L : 12 D [36] . Independent F 0 , F 0.25 and F 0.375 families were reared simultaneously as in Joron & Brakefield [3] . In short, we used a staggered breeding programme based on the wild-type outbred stock population to produce, at single time periods, a large number of butterfly families, each with one of the following three inbreeding coefficients: F = 0 (F 0 ), F = 0.25 (F 0.25 ) and F = 0.375 (Fo.375). Mating pairs were drawn randomly from the outbred stock population and their offspring were reared in individual net sleeves to generate independent families with an inbreeding coefficient of F = 0. To cope with known deleterious effects of inbreeding on egg hatching rate and juvenile survival [12, 14] , six brother-sister mating pairs were drawn from each F 0 family. Per family, only one pair that produced more than 40 hatched eggs was selected to produce the next level of inbreeding. Similarly, brother-sister mating pairs were drawn from these F 0.25 lines to produce the F = 0.375 inbred level. This procedure minimizes the deleterious effects of inbreeding observed in our study as only mating pairs least affected by inbreeding were used to produce the next level of inbreeding. Two independent sets of inbred butterflies were produced, in 2008 and in 2010, respectively. In 2008, 20 independent F 0 (10), Fo.25 (8) and Fo.375 (2) family-lines were reared, whereas in 2010, dataset was composed of 30 independent F 0 (10), Fo.25 (10) and Fo.375 (10) family-lines.
(b) Quantification of male sex pheromone production
Males from each family were sacrificed either on the third (2008) or on the sixth (2010) day after eclosion, 7 h after lights on, and stored in a -80°C freezer. The MSP components were extracted by soaking one fore-and one hind-wing of each individual in 500 µl of hexane with palmitic acid (3 ng µl -1 ) added as an internal standard. GC analyses were conducted independently for the 2008 and 2010 datasets, and in several separate subsets for each of which individuals of one of the three levels of inbreeding were randomly chosen. In 2008, the extracts were analysed on a Hewlett-Packard 6890 series II GC equipped with flame-ionization detector and interfaced with a HP-6890 series integrator. The carrier gas was nitrogen with the injector temperature set at 240°C and the detector temperature at 250°C. A HP-1 column was used, and the oven temperature was increased from the initial temperature of 50°C to a final temperature of 295°C at a rate of 15°C min -1 , which was maintained for 6 min [32] . In 2010, fast GC analyses were conducted on a Thermo ultra fast trace GC gas chromatograph operated with a split/splitless injector and a Thermo AS 3000 autosampler (Thermo Electron Corp., Interscience, Louvainla-Neuve, Belgium). The temperature programme was as follows: initial temperature at 40°C, held for 0.1 min, ramp 1 at 150°C min -1 to 150°C and ramp 2 at 40°C min -1 to 300°C. The injector temperature was set at 240°C and the detector temperature at 250°C (see Heuskin et al. [37] for more details).
(c) Quantification of flight performance and relative thorax mass
We tested the effect of inbreeding on flight performance as an indicator of the general condition and chasing ability of males. Flight performance was assessed using the dataset from 2010.
From each level of inbreeding, 10 independent families were available simultaneously. Males were collected from each family (n = 6-12 individuals per family), and on the third day after eclosion, each male was individually placed in a net cage (diameter: 60 × 70 cm). After a short adaptation period, the netting cage was gently touched and the vibrations motivated the butterfly to take flight. Every time the male alighted, it was immediately stimulated to take-off again. The flight impairment index (FII) was taken as the number of times the butterfly was forced to take-off during 2 min of forced flight [38] . We interpret an elevated FII to reflect the inability of the male to engage in longer flight bouts. Males that refused to fly for 2 min (n = 9), died during the experiment (n = 9) or had extremely worn wings (n = 18) were excluded from the dataset (n = 313). To assess the relative investment in thoracic muscles, the thorax, abdomen and head were dried to constant mass (60°C for 24 h) and weighed to the nearest 0.01 mg separately using an electronic microbalance (Sartorius Research RC 210D). The wing area of one fore-and one hind-wing was measured with the image analysing system Image-Pro Plus v. 6.2 from digital photographs using a Leica DC200 camera and used to correct the MSP titres for male size.
(d) Male mating success in semi-natural conditions
To test the role of inbreeding and MSP perception by females in male mating success, we performed replicated mating competition experiments in semi-natural conditions, using equal-sized groups of males of the three levels of inbreeding. As described earlier, F 0 males were from the stock population, whereas F 0.25 and F 0.375 males originated from 12 and nine independent families, respectively. The experiments were performed in a large flight cage (3.1 × 2.5 × 2.3 m 3 ) set -up in a climate cell, allowing the males to express their natural mate location and courtship behaviour (see visual recordings of this experiment and Bicyclus anynana courtship are available at http://www. youtube.com/watch?v=HZULH7y50g4). Matings were tracked using 'rodent-tracking' fluorescent dust on the genitalia of males [3] . A different colour was used for each inbreeding class and we switched the colours used for each cohort between trials. In each trial, the age distribution of the males was between 5 and 7 days old for each inbreeding level.
Males of each inbreeding level competed for mating with virgin, outbred 3-to 5-day old blocked and control females. To suppress the ability to perceive odours, a transparent nail polish (Rimmel London 60 Seconds Nail Polish, Clear 740) was applied onto the antennae of the females that formed the blocked group on the day prior to release. The control females received nail polish on the anterior wings, immediately behind the antennae (note that both groups of females received nail polish in similar amounts so that any influence of the nail polish on female and male behaviour applied to all groups equally). Males were introduced into the flight cage and left to adapt and interact with one another for 2 h. Blocked and control females were then released in numbers corresponding to a three to one male-to-female ratio. A second group of females, half the size of the first group, was released 6 h later. On the following morning, the females were inspected for fluorescence under ultraviolet illumination to assess the group identity of their male mating partner. Double fluorescence could be detected and was scored as 0.5 : 0.5 for the two male groups concerned. Six replicate competition experiments were performed sequentially.
(e) Statistical analyses
To test for differences in MSP production between males in relation to the level of inbreeding, we performed a multivariate analysis of variance (MANOVA) with MSP1, MSP2 and MSP3 titres as dependent variables and the inbreeding coefficient as a fixed variable. The F 0.25 and F 0.375 levels of inbreeding were pooled in the '3-day' (2008) dataset owing to insufficient replication at the family level, but were kept separate for the '6-day' (2010) dataset. To identify which part of the MSP perfume was affected by inbreeding, we performed univariate ANOVAs for each MSP titre, of which p-values were corrected for multiple testing using the Bonferroni procedure.
The effect of inbreeding on FII and relative thorax mass were analysed using one-way ANOVA with the inbreeding coefficient as the independent variable. The residuals of a linear model with thorax dry mass as the dependent variable and the remaining dry mass (head and abdomen) as the independent variable were used as a measure of the relative thorax mass (r 2 = 0.23).
Significance of the results of the behavioural experiments was assessed using G-tests. In each replicate, we determined whether the mating distribution deviated from a 1:1:1 ratio. We tested for heterogeneity among replicates using a Pearson's Chi-squared test before performing the G-test analyses on the pooled dataset. A Pearson's Chi-squared test was also used to investigate whether the overall distribution of matings was different between control and blocked female treatments. All statistical analyses were performed with the R language and environment for statistical computing and graphics (v. 2.8.1; http://www.r-project.org).
Results
(a) Inbreeding reduces the production of the male sex pheromone
We tested whether reduced mating success of inbred males in B. anynana was explained by differences in the production of their olfactory signal. The production of MSP was measured in two independent datasets of 3-day old (2008 dataset) and 6-day old (2010 dataset) males from F 0 , F 0.25 and F 0.375 families. The MANOVAs revealed significant differences in MSP production between levels of inbreeding in both the 3-day old (Wilks' λ = 0.93, F = 3.43, d.f. = 3 and 134, γ < 0.02) and the 6-day old males (Wilks' λ = 0.87, F = 6.14, d.f. = 6 and 518, γ < 0.0001). We next examined the effect of inbreeding on the individual components of the MSP using separate ANOVA tests ( figure 1 ). The production of MSP1 and MSP2 titres was significantly reduced in both 3-and 6-day old inbred males, whereas MSP3 titres were not affected by inbreeding. Only one compound, MSP2, remained significantly affected by inbreeding in both datasets after correction for multiple testing (figure 1). It is noteworthy that the production of MSP2 titre decreased significantly at the first level of inbreeding (F 0.25 ), but was then unaffected by further inbreeding. Mean MSP2 titres of both F 0.25 and F 0.375 males were about 17 per cent lower than for outbred males (figure 1d). Body size is known to affect MSP production [33] . However, the differences in MSP production remained significant when a principle component measure of body size (PCI) was included as covariate (see the electronic supplementary material, section MANCOVA), thus inbreeding level reduced MSP production independently of body size. When accounting for body size (ANCOVAs; electronic supplementary material, table S2), again, only the MSP2 titre was decreased significantly by inbreeding in the 6-day old males (after correcting for multiple testing; 2010 dataset). However, in the 3-day old males (2008 dataset), the MSP1 but not MSP2 titre was significantly reduced by inbreeding (after correcting for multiple testing; electronic supplementary material, table S2).
Figure 1. The effect of inbreeding on the male sex pheromone of B. anynana. Inbreeding significantly affects MSP1 (a,b) and MSP2 (c,d) but not MSP3 (e,f) titres at the age of 3-day (a,c,e) and 6-day (b,d,f ), respectively. F-and p-values of the univariate ANOVAs are given at the bottom of each panel. Tukey's honest significant differences are indicated by different letters to specify the significant differences between the levels of inbreeding. Error bars represent ±1 s.e. with N = 138 for 3-day old males (2008 dataset) and N = 264 for 6-day old males (2010 dataset). Only one compound, MSP2, remained significantly affected by inbreeding in both datasets after Bonferroni correction for multiple testing (*). (b) Inbreeding also reduces the general condition of males
Bicyclus anynana males spend most of their active time attempting to locate mates and chasing females by repeated alighting and take-off [28] . It has thus been suggested that reduced flight performance could be a critical trait responsible for reduced mating success of inbred males in this species [3] . The FII increased significantly with inbreeding (one-way ANOVA; F = 7.84, d.f. = 2 and 310, p < 0.001); outbred males required 42.14 (± 1.28, s.e.) stimuli resulting in an average length of the flight bouts of 2.85 s. The flight bouts of the severely inbred males were about 18 per cent shorter as they were stimulated to take-off 51.37 (± 1.71) times on average (figure 2a). Note that an elevated FII reflects the inability of the male to engage in longer flight bouts and that this trait can be used as a proxy of the general condition and chasing ability of males [38] . Severe inbreeding (F 0.375 ) also had a significant effect on the relative thorax mass of B. anynana males (one-way ANOVA; F = 10.51, d.f. = 2 and 310, p < 0.001) with the inbred males displaying a thorax mass, on average, 5.4 per cent smaller than that of outbred males (figure 2b). Interestingly, at a less severe level of inbreeding (F 0.25 ), neither FII nor relative thorax mass was significantly reduced compared with those of outbred males (Tukey's honest significant differences tests, p > 0.4, figure 2a,b) .
(c) Females need to perceive the male sex pheromone to reject inbred males
It was previously shown that the reproductive success of inbred males is already significantly affected at the intermediate level of inbreeding F 0.25 ([3] ; cf. figure 3a) . This suggests that the reduction in flight performance with inbreeding may not be the major trait responsible for reduced reproductive success of inbred males in this species, as we find no differences in flight ability traits between F 0 and F 0.25 males (figure 2). However, because MSP2 production was already significantly reduced at the intermediate level of inbreeding (F 0.25 ), we hypothesized that impaired MSP production may be causally involved in the reduced mating success of inbred males. To test this hypothesis, we performed replicated trials involving competition between males of the three levels of inbreeding for mating with virgin, outbred females. We manipulated the ability of one-half of the females to perceive odours by covering their antennae with a transparent nail polish (blocked females) [31] . Such females were thus able to detect any other male trait but not their scent from volatiles. Control females, on the other hand, retained their ability to detect the MSP.
The mating rate of both types of female was high (94% and 98% for blocked and control females, respectively) and did not differ Critically, the deleterious effect of inbreeding on mating success differed between the female treatments (χ 2 = 6.00, d.f. = 2, p < 0.05 between blocked and control females), indicating that the decrease in mating success of inbred males can be restored by manipulating the female ability to detect their MSP. 
Discussion (a) Reduction in male sex pheromone titre affects mating success of inbred males
The impairment of reproductive success in inbred males is usually attributed to cumulative effects on multiple fitness-related traits which together reduce their general condition [6, 7, [39] [40] [41] [42] . These traits may include flight performance (this study; [2]) and sperm production [43, 44] . Indeed, our results clearly demonstrate a reduction in flight performance and in thorax mass of inbred males. Recent studies revealed that relative thorax mass correlates with flight capacity in butterflies and other insects [45, 46] , and with the ability to withstand flight stress in B. anynana [38] . Our results support the view that a lower relative thorax mass, indicating less developmental allocation to thoracic muscles [47] , accounts for reduced flight performance in severely inbred B. anynana males. However, flight performance was not significantly reduced in F 0.25 compared with F 0 males and can thus not account for their reduced mating success. By contrast, the MSP production of inbred males was already significantly reduced in F 0.25 inbred males. We also showed in a large-scale behavioural experiment that the difference in mating success between inbred and outbred males disappeared for 'blocked' females for which only the antennal perception was impaired. 'Blocked' females were indeed able to detect any male trait except their scent. The semi-natural set-up we used for this experiment ensured that males flew freely while courting females. Other male traits impaired by inbreeding, including flight performance, were detectable for females but did not reduce the mating success of inbred males once scent perception was impaired in females. The most parsimonious explanation of our results is, thus, that the male scent alone causes female rejection of inbred males. This is the first study, to the best of our knowledge, that identifies which male trait, among those affected by inbreeding, is causally responsible for the reduced mating success of inbred males. In addition, this result highlights that such manipulation of female antennal reception can elegantly complement behavioural experiments that manipulate male scent production in butterflies, as conducted previously in B. anynana [32] .
(b) Inbreeding information is provided via specific chemical components
Several lines of evidence allow us to specify which component of the MSP is likely to be the key determinant of the reduced mating success of males. GC-EAD experiments previously showed that three male wing components (MSP1, MSP2 and MSP3) have olfactory receptors in female antenna [32] . Other chemicals relevant in insect interactions, such as cuticular hydrocarbons, cannot be responsible for the reduced mating success of inbred males in our behavioural experiments. Receptors for such non-volatile chemicals are found in the proboscis or legs of various insects but not in the antennae [48] [49] [50] .
In both the '3-day old' and '6-day old' dataset, MSP2 titre is consistently reduced by inbreeding. Crucially, MSP2 is the only MSP component to show a significant reduction in F 0.25 inbred males, and, thus was the only MSP component giving females the potential to distinguish between outbred and F 0.25 inbred males. It is noteworthy that the '3-day old' and '6-day old' datasets were produced independently (by different researchers in different labs in different years and using different gas chromatograph analysis settings; see §2), and were drawn from a large number of families sampled randomly from the wild-type stock population in which high levels of heterozygosity have been maintained [28, 34, 35] . Therefore, finding a similar reduction in MSP2 titre for these two datasets provides strong supports that the MSP2 titre is consistently affected by inbreeding and can thus serve as a stable male signal of inbreeding status or as a general indicator of quality in B. anynana.
In this context, we recently found that MSP2 titre probably determines the preference of females for males of intermediate age compared with younger individuals [33] , and MSP2 production is thus likely to be under strong selection. Such directional sexual selection for increasing MSP2 titre is expected to deplete the trait for additive genetic variation which is thus expected to be mostly composed of dominant and epistatic interactions [40, 51] . This is in agreement with our previous observations that MSP2 titre displayed no additive genetic variance, in contrast to MSP1 and MSP3 titres [33] . It also explains why MSP2 is sensitive to inbreeding depression through homozygosity of recessive deleterious alleles. As a consequence, intriguingly, the same signal, MSP2 titre, can be used by B. anynana females to assess both the age and inbreeding status of potential mating partners.
Although multiple traits may be used by females to assess male quality [52] ; see also Bretman et al. [53] , here we suggest that a single olfactory trait, namely changes in MSP composition, can inform females about several aspects of male quality (i.e. age, inbreeding). Overall, our results indicate that the MSP2 titre is the most likely candidate trait determining B. anynana male mating success in these experiments.
(c) Selection on female mate-choice strategies for the avoidance of inbred males
It could be that inbred males suffer reduced mating success simply because they do not produce levels of MSP that make them attractive. This could, for instance, be a direct consequence of reduced body size. MSP titres are indeed associated with size and age, and females may avoid inbred males as a by-product of other aspects of sexual selection (i.e. preference for larger size or older males that are known to produce more MSPs; [33] ).
However, there are several reasons why we think that females are able use the MSP specifically to avoid mating with inbred males. First, during our behavioural experiments, we controlled for the effect of age on MSP production by releasing males from the same age classes into the competition cage. Thus, male age cannot explain differential mating success between inbred and outbred males. Second, in both datasets (2008 and 2010), inbreeding did not affect male body size of the males (see the electronic supplementary material, section MANCOVA) so that females could not identify inbred males based on their size. So, although MSP production is dependent on body size, age and inbreeding level, our experiments showed that the MSP titres indicate inbreeding level independently of their body size or age, and that variation in MSP titres accounts for female preference.
There are important reasons why females should avoid inbred males in B. anynana. Inbreeding affects males disproportionately to females as about 50 per cent of the sons from a brother-sister mating are completely sterile [12] . Consequently, females mating with an inbred male have a very high chance that the eggs that they produce will be completely inviable. Females that have some ability to detect and reject these sterile inbred males will increase their fitness dramatically in the presence of such males.
Our observations indicate that B. anynana females are under selection to avoid mating with inbred males. However, it remains an open question whether the avoidance of inbred males evolved directly or indirectly via the MSP2 titre levels of B. anynana males. Our previous data [33] strongly indicate that the MSP2 production is under strong sexual selection. As a consequence of such directional selection, MSP2 titres are likely to be sensitive to inbreeding depression. Thus, strong sexual selection for increased MSP2 production has the potential to simultaneously result in the avoidance of inbred males as mating partners. Further research in this species should focus on whether these two aspects of selection, sexual selection for high MSP2 levels and the avoidance of inbreeding depression, have reinforced each other.
Conclusions and perspectives
We have shown that the olfactory signal of inbred males was the sole trait causally responsible for their decreased mating success. The high level of sterility of inbred males could account for female choosiness in B. anynana ([12] ; see §1). These results indicate that it is now timely to investigate whether and how olfactory traits, such as MSP and MUP isoforms, can help to account for reduced mating success observed for inbred males. These findings underscore the importance of increased research effort in the field of olfactory communication as a major, but so far underestimated, causal factor in sexual selection [54, 55] . This could be particularly important in the conservation of endangered species for which their long-term survival depends on the successful breeding of populations of comparatively small size and with elevated levels of inbreeding [56] .
